Endoleaks may evolve and become severe post-surgical complications in patients with abdominal aortic aneurysms (AAAs). After endovascular aortic aneurysm repair (EVAR), endoleaks may induce EVAR failure. Therefore, the early detection and management of endoleak development could help reduce the need for reoperation. An endoleak is characterized by blood flow that leaks into the cavity between the stent-graft (SG) and aneurysm sac. Comprehensive hemodynamic analysis can identify the relationship of flow-induced wall stress and endoleak formation. Given this hypothesis, a numerical analysis of fluid-structure interaction was performed in this study. SG geometry and AAA flow dynamics were incorporated using the physiological conditions of three patient-specific models of AAA after EVAR. Endoleak locations were well matched to the local peak locations of von Mises stress in the aneurysm bulges of these patients. Further investigation on the associated blood flow structures could provide insights on the physical relationship between hemodynamic force and endoleak formation. The presented analytical procedure offers a reliable alternative for endoleak prediction and detection. This method may be used for post-EVAR patient care with sophisticated imaging techniques such as magnetic resonance, computed tomography, and digital subtraction angiography.
Introduction
On average, one American dies of cardiovascular disease every 39 seconds in 2008 [1] . Among these deaths, abdominal aortic aneurysm (AAA) accounted for 11,079 cases [1] . A protocol for AAA diagnostics and surgical planning should thus be developed. An AAA is defined as an irreversible focal dilation of an aorta to at least 1.5 times its normal diameter or a total dilation greater than 3 cm [2] . AAA rupture will cause hemodynamic instability, distal limbs ischemic change, and intra-abdominal organ infarction [1] . AAAs are characterized by the destruction of elastin and collagen in the media and adventitia, smooth muscle cell loss with thinning of the medial wall, the infiltration of lymphocytes and macrophages, and the occurrence of neovascularization [3, 4] . The pathogenesis of AAA formation remains unclear, although biomechanical wall stress induced by circulating blood flow is known to be critical for aneurysm development and rupture risk assessment [5] .
Intensive management for AAA with a diameter of more than 6 cm is suggested in practical use. Aside from surgical open repair and bypass, the most reliable and effective treatment for AAAs is endovascular aortic aneurysm repair (EVAR). During EVAR, a stent-graft (SG) is implanted into the affected segment to shield the aneurysm wall from blood pressure [6] . The graft excludes the aneurysm from the aortic lumen, thereby decreasing the pressure within the aneurysm [7] . Consequently, blood circulation in the aneurysm intra-sac is avoided and the chance of wall rupture is reduced. An SG is a tubular graft, composed of special fabric sleeve, that has a wide diameter (20-36 mm) and is supported by a metal frame, the stent [2] . Bare metal stents were traditionally used during EVAR operations, but they have a high failure rate due to restenosis and thrombosis. Drug-eluting stents (DESs) were introduced as an alternative, but their safety must be re-examined; DESs have been implicated in higher rates of late stent thrombosis [8] . SGs, which have a layer of fabric that is impervious to blood, are predominately applied in EVAR procedures, and have revolutionized treatment for AAA in the last two decades [2] . The major causes of SG failure include seepage of blood into the cavity (endoleaks), SG migration, SG fatigue, and fracture. Among these causes, endoleaks are recognized as the main problem associated with SG implanting, and are thus used as diagnostic endpoints in clinical trials [8] . An endoleak is defined as the occurrence of blood flow external to the SG and inside the aneurysm sac [9] . Endoleaks have been identified in as much as 52% of the patients who undergo EVAR [10] . The existence of endoleaks raises the possibility of aneurysm enlargement and rupture.
One classification system organizes endoleaks into five categories [10] . Endoleaks are highly correlated with the peak systematic blood pressure and the local stress along the interface between an SG and the aneurysm sac. The early detection of endoleaks may reduce the risk of SG failure and delay AAA propagation. Chronic exposure of the aneurysm wall to hemodynamic forces can lead to SG migration, kinking, and failure, with associated endoleaks [9] . Thus, identifying the influence on endoleaks of the wall loading, as induced by hemodynamic forces [11] , may help predict possible endoleak locations and reduce the risk of SG failure caused by EVAR complications. Endotension, which is classified as a type of endoleak, is the continuous dilation of the aneurysm lumen without an indication of leaking. The difference between endoleaks and endotension is that endoleaks describe flow whereas endotension describes pressure [12] . To avoid confusion, in this work, only endoleaks were identified and discussed. Thus, the specific aim of this study was to quantify hemodynamics in patient-specific AAA lumen after SG implantation to elucidate its influence on endoleaks. The results of this study could improve endoleak detection and management, particularly in clinics, and may aid the development of future SG designs.
Materials and methods
The geometry of the AAA model with SG implantation was acquired from patient-specific computed tomography (CT) scans at the Taipei Veterans General Hospital (Taipei, Taiwan). The images were post-processed using three-dimensional (3D) reconstruction software, namely Simpleware (Simpleware Ltd., Exeter, UK), Geomagic (Geomagic Inc., NC, USA), and Pro/ Engineer (Parametric Technology Corp., MA, USA). During anatomical data collection, three patients who underwent EVAR were examined and imaged using a CT scanner (Aquilion 64, Toshiba, Tokyo, Japan) with 64-slice imaging capability. Each patient received a 120-cc dose of contrast material at rate of 4.5 cc/s. The doses were administered into the cubital vein of the right arm. The resulting images were recorded using a bolus-tracking technique. The images were obtained in an arterial phase at intervals of 1.5 mm. A summary of tested patients' conditions is presented in Table 1 . For the 3D model reconstruction, patient-specific geometry included the abdominal aorta, the proximal and distal necks of the aneurysm, the aneurysm sac, bifurcating iliacs, and the SG. This geometric model was segmented using an intensity threshold. Then, an image pre-smoothing algorithm was applied for at least 20 iterations. A 3D anatomical model with accurate geometry was then produced in stereo lithography (STL) format. STL files, which contain a triangular representation of surfaces, are widely for rapid prototyping systems [13] . To facilitate hemodynamic analysis using computational fluid dynamics (CFD), point-cloud patient data in initial graphics exchange specification (IGS) format were generated from the STL geometry data using a surface refinement algorithm. IGS files contain geometry, graphical data, and annotations. IGS is a standard data format that allows the digital exchange of information [14] . The digitized patient-specific models were subsequently converted into non-uniform rational basis spline (NURBS) patches in IGS format to create the model surfaces and boundaries. NURBS files are used in constructing threedimensional models. They describe the shape of a model by generating and representing the curves and surfaces [14] . During the final step of image post-processing, the NURBS data were exported in Parasolid format for CFD analysis. A sample 3D reconstruction of a patient-specific AAA model with an SG is shown in Fig. 1 . To provide quantitative hemodynamics results of the model, the fluid-structure interaction (FSI) method was coupled to the incompressible Navier-Stokes equations and the necessary physiological boundary conditions were applied (Fig. 2) . Fluid forces (blood) were applied onto the structure (SG) during the FSI analysis. The structural deformation changed the fluid domain. The solution variables of the fluid flow included the usual fluid variables (pressure, velocity, etc.) and displacements [15] . Blood pulsatility and the material properties of the surrounding SG were imposed for physiological relevance. Blood was treated as a homogeneous, incompressible, and Newtonian fluid with a dynamic viscosity of 0.004 Pa·s and a density of 1,055 kg/m 3 [16] . The SG was assumed to be a linearly elastic isotropic material with a thickness of 0.2 mm, a Young's modulus of 10 MPa, a Poisson's ratio of 0.27, and a density of 6,000 kg/m 3 [6] . A time-dependent velocity profile of the physiological inflow and an outflow pressure waveform [6] were imposed on the model's start point (abdominal aorta) and two end points (SG bifurcations), respectively, in each patient-specific model. The Reynolds number was set to 2234. The simulation was performed using Adina software (Adina, MA, USA). The optimal size of the tetrahedrons was determined using a grid independence test by calculating the convergence of the cell Reynolds numbers at the location of the pressure peak throughout the entire flow domain. The convergence of grid elements was reached when the number of elements was increased to 159,138. Changing the element number to 143,517 or 172,407 caused less than 0.03% variations in the cell's Reynolds number. Given the nature of the geometric differences of AAA in patients, the final element number that was applied to obtain the CFD results was approximately 159,000. To quantify the mechanical load from the blood flow that acts on the SG, the von Mises stress (wall stress) was calculated from the stress tensor as:
Where 1  , 2  , and 3  are the principal stresses.
Results and Discussion
The relationship between the fluid-induced mechanical loading and the endoleak emergence was identified. The 3D hemodynamics of a patient-specific AAA model with an SG from patient 1 was quantified ( Fig. 3(a) ). The calculated (wall stress) distribution at the systolic peak is shown in Fig. 3(b) . The seepage of blood (endoleak) from the SG was identified in the CT scan images with their relative anatomical locations. These results are shown in Figs. 3(c) to 3(e) . The endoleak in Fig. 3(d) was located on the left side of the SG, but had spread across the width of the aortic blood vessel. This endoleak location was well matched to the location of a local wall stress peak (over 0.67 MPa), as demonstrated in Fig. 3(b) . Further examination of the vicinity of this endoleak showed relatively high local wall stress (over 0.59 MPa), as opposed to the inferior regions where wall stress ranged from only 0.20 to 0.40 MPa. This common location implies a possible correlation between high local wall stress and endoleak appearance. Endoleaks may be formed when the local wall stress is high. To provide more evidence to support this hypothesis, the second and third patient-specific AAA models with an SG were reconstructed and their associated hemodynamics was quantified ( Figs. 4 and 5, respectively) . In the second patient-specific model, an endoleak was found at a bifurcation section of the SG. A corresponding wall stress peak (over 0.64 MPa) was calculated at this location. This finding agrees with the results of the first patient-specific model. Further investigation of the third patient-specific model likewise showed consistent results. A local wall stress peak (over 0.21 MPa) was located at a position where an endoleak had developed. The match between the clinical symptoms (endoleaks) and the calculated wall stress peaks may not be enough to indicate a direct relationship. The strength of the implanted SG may also significantly affect endoleak evolution and growth, in addition to the transient state of the specific patient's hemodynamics. This is also supported by the findings that no endoleak appeared at some wall stress peak locations. Nevertheless, our results can be used to assist with the identification of possible locations where endoleaks may appear. Such information is particularly beneficial in clinical practice. The possibility of SG failure could be reduced by strengthening the SG structure at the peak locations of wall stress.
To identify the underlying mechanism that elevates wall stress at the endoleak location, the hemodynamics of the three models was quantified. The resolved flow structures along with the related CT scan images are presented in Fig. 6 . The flow velocity magnitudes were relatively high at locations close to the wall stress peaks, as compared with those in other regions. Specifically, a relatively high velocity (over 0.16 m/s) was found at the left lateral side of the lumen, which was very close to the endoleak location. Consistent results were likewise found with the second and third patient-specific models, as shown in Figs. 6(b) and 6(c), respectively. High wall stress is a reflection of high local fluid pressure. The high-pressure regions correspond with regions of high wall shear stress (i.e., highvelocity sites) in regions of flow impingement. This finding indicates that these high wall stress values were primarily caused by the high flow velocity because high velocity can impose a high-pressure load on the SG and subsequently cause endoleak formation. To date, the routine follow-up surveillance of EVAR patients heavily depends on CT scans because of its high sensitivity and specificity for endoleak detection [17] . However, this procedure requires experienced radiologists to tediously look through several images to identify possible endoleak sources. In addition, compared to other alternatives, CT is less effective for classifying endoleaks because the direction of blood flow is difficult to determine via CT examination [18] . The proposed analytical paradigm treats CFD analysis as a post-hoc procedure, in addition to CT imaging. The calculated wall stress peak may be used as an important checkpoint during post-EVAR examination. Specifically, surgeons and radiologists can inspect the patients to identify if there is any pathological sign at or surrounding the wall stress peak locations spotted using the proposed method, and to evaluate the implication of any endoleaks accordingly. Additionally, even in cases in which no abnormality is found, a follow-up and additional care can be used to prevent sudden deterioration around these sites. This procedure could also help reduce the possible errors caused by the manual examination of CT results. More accurate endoleak detection algorithms should be further developed based on our findings. Future automatic endoleak detection would allow for improved and rapid diagnostic tools.
Conclusion
The hemodynamics in three patient-specific models of AAA with SG implants was quantified using CFD analysis to elucidate the relationship between flow-induced peak wall stress and endoleak appearance. High wall stress induced by high blood velocity applies a significant load onto the SG surface, and may thus induce endoleak formation. The proposed methodology provides important noninvasive information for the early detection of endoleak sites and affected areas, which is beneficial for clinical applications.
